ABSTRACT: Spices are often added to various food products to utilize their flavor and aroma. The microbial contamination of imported spices has been causing problems in the food industry. Microbial spores of Bacillus species are the common contaminant in many spices. We performed inactivation processing using an atmospheric pressure plasma jet to achieve efficient inactivation of microorganisms for thermosensitive materials such as spices. Based on the results of calorimetry, the growth rate constants of plasma-irradiated black pepper were relatively smaller than those of untreated spices, and the retardation in growth of argon + carbon dioxide plasma-irradiated black pepper was extraordinarily larger than that of untreated spices, as was the growth rate constants. Based on sterility tests, the microorganisms attached to the spice could be sterilized by 5-minute treatment with an argon + carbon dioxide atmospheric plasma jet.
I. INTRODUCTION
Spices are widely used in various food products for their flavor and aroma. Contamination by microorganisms of imported spices has been causing problems in food industries. Microbial spores of Bacillus species, such as B. subtilis and B. pumilus, are the common contaminants in many spices (10 5 -10 8 spores/g). 1 The most popular methods for spice decontamination are superheated steam treatment, thermal inactivation, ethylene oxide fumigation, and irradiation with 60 Co gamma rays and electron beams. These decontamination methods may, however, have drawbacks, such as color loss and flavor changes by heat deterioration of ingredients of spices, adverse effects on human health by residual ethylene oxide within the fumigated spices, and taking a long time for public acceptance of the irradiation method used to decontaminate the food, although it is the most effective method among the 4 methods. Therefore, more safe and flexible sterilization technologies are required.
Using plasma in a high-speed sterilization method attracts attention because of the small temperature change and because harmful agents are not generated. In particular, sterilization methods using atmospheric pressure plasma have no vacuum pumping units and enable a continuous sterilization process. An atmospheric pressure plasma source can generate high-density plasma without using related vacuum devices, such as a vacuum vessel and a vacuum pump. Compared with the low-pressure plasma obtained using a related vacuum apparatus, atmospheric pressure plasma has a low introduction cost and can possibly be used in various applications. Therefore studies of sterilization treatment using dielectric barrier discharge plasma [2] [3] [4] [5] [6] [7] [8] [9] or glow discharge plasma [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] at atmospheric pressure have been actively carried out in recent years. The main reactions relevant to the above applications are thought to be caused by hydroxyl (OH) radicals, hydrogen peroxide (H 2 O 2 ), superoxide (O 2 − ), ozone (O 3 ), nitric oxide (NO) radicals, hydroperoxyl (HO 2 ) radicals, atomic oxygen (O), and atomic nitrogen (N).
Radicals generated with atmospheric plasma have been reported to kill B. subtilis spores. [21] [22] [23] However, there are no reports of plasma treatment of Bacillus, which adheres to plants. In this research we evaluated the difference in the inactivation effect effect of spores on black pepper and on Petri dishes.
II. MATERIALS AND METHODS

A. Experimental Setup
A schematic of our experimental plasma device is shown in Fig. 1 . This device uses an atmospheric pressure plasma jet source (Plasmatreat plasma-pretreatment system), which consists of a conical inner electrode and a grounded outer electrode with a 5-mm-diameter nozzle. 24, 25 The inner electrode is coupled to a stepped high-frequency pulse current power supply (about 280 V, 8 A, and 16-20 kHz) through a high-voltage transformer (Plasmatreat HTR1001).
The working gas is divided into 2 lines: the main line is connected through the 2 electrodes and the subline, including water vapor with an ultrasonic nebulizer device (M011; Seiko Giken Inc.), is connected with a nozzle. The plasma conditions are determined by the gas (argon [Ar], dry air, carbon dioxide [CO 2 ], and Ar including water vapor) in the 2 lines. Therefore we can choose various combinations of gas species for the plasma. The experimental conditions of plasma device are shown in Table 1 .
The glass vessel (50-mm inside diameter) is put under the nozzle, which is the plasma irradiation entrance. The exposure distance is assumed to be the distance between the bottom of the glass vessel and the nozzle. The spices (black pepper, 1 g; K. Kobayashi Co. Ltd) are rolled in the glass vessel for gas flow when plasma is irradiated. Therefore the surface of the spice can be uniformly irradiated. Moreover, the surface temperature of the glass vessel was monitored during the exposure using a thermocouple.
B. Counting Bacterial Colonies
Spores of B. subtilis strain ATCC6633 were used as a model of contaminated bacterial spores in spices to evaluate the inactivation effect of the atmospheric plasma jet. The spores were prepared on Petri dishes containing trypticase soy agar (Becton Dickinson Co.) supplemented with 0.02 g/L of MnCl 2 ・4H 2 O, 0.25 g/L of MgSO 4 ・7H 2 O, 3 mg/L of FeSO 4 ・7H 2 O, and 0.15 g/L of CaCl 2 ・2H 2 O. After incubation at 37°C for 7 days, spores were collected and washed using saline and centrifugation. The spore suspension in saline was stored at 4°C.
The spores were evenly spread over glass fiber filters (25 mm in diameter). The glass fiber filters were exposed to plasma for increasing amounts of time. The surface temperature of the glass fiber filters were monitored during exposure using a thermocouple.
After exposure, the spore-containing glass fiber filters were homogenized with glass beads and diluted serially with a sterilized aqueous solution containing 0.1% polypeptone and 0.5% Tween 80. One hundred microliters of each dilute was spread in agar plates with Luria broth and incubated for 24 hours at 37°C.
C. Sterility Tests
Plasma-irradiated spices (black pepper seeds) were soaked in the nutrient-rich medium (Luria broth) and incubated for 15 hours at 37°C. 
D. Calorimetry Method
A multiplex isothermal batch calorimeter containing 24 calorimetric units was used to detect the heat evolution during growth under the conditions mentioned above. The plasma-irradiated spices were added to sterile glass vials containing 5 mL of the appropriate medium and sealed tightly.
E. Optical Emission Spectroscopy
The spectroscopic diagnostic system consisted of a collecting lens with a magnification factor of 2, a quartz optical fiber, and a spectrograph (Maya2000PRO; Ocean Optics). The wavelength range of the spectrograph is from 200 to 1000 nm. An image of plasma is formed on the head of the optical fiber with a 0.4-mm core radius. The spatial resolution is 0.2 mm in this measurement. Figure 2 shows the total counts of the surviving bacteria recovered from the plasma-exposed glass fiber filters after plasma treatment. As shown in Fig. 2 , the survival rate significantly decreased with increasing plasma exposure time; Ar + CO 2 plasma showed the lowest survival rate among the 3 experimental conditions. These data demonstrated that 3, suggesting that microorganisms attached to the spice could be sterilized by the atmospheric plasma jet. To confirm the results in detail, we checked the 4 samples containing plasma-treated black pepper as a function of time exposed to Ar plasma, Ar + CO 2 plasma, and air plasma (Fig. 4) . As shown in Fig. 4 , the media of all the samples remained transparent with 300-second exposure of Ar + CO 2 plasma, whereas all the media of the samples containing Ar plasma-treated black pepper showed crowded media with the same exposure time, confirming that Ar + CO 2 plasma has a significant inactivation effect on black pepper. Also, air plasma has a inactivation effect comparable with that of the Ar + CO 2 atmospheric plasma jet.
III. RESULTS
A. Counting Bacterial Colonies
C. Calorimetry Method
Calorimetry is the technique of measuring metabolism heat in the case of bacterial propagation, and the growth pattern of bacteria can be evaluated quantitatively. The method further provided information on the bacteriostatic and bactericidal effects of various chemicals. In the case of a bacteriostatic action, the increasing dosage results in a reduction in the growth rate constant m, where the initial cell number is not reduced. On the other hand, a bactericidal action increases the incubation time t a required for the microbial activity to reach a certain value a, while m is constant. The vials placed in the calorimeter produced heat during the growth of contaminating microorganisms on the black pepper samples; and the heat was detected as a signal and recorded as a function of incubation time. Growth thermograms (g(t) cuves) were drawn based on the heat data points. The obtained g(t) curve was converted into the actual heat evolution (f(t) curves), according to the following equation, reported previously [26] [27] [28] [29] : (1) where K is the heat conduction constant of the apparatus. The f(t) curves are known to correspond to the changes in cell number or turbidity during the incubation of microorganisms in nutrient-limited media and can be described by Eq. (2): 2) where N 0 is the initial cell number, μ is the growth rate constant, and A and B are constants. The actual heat evolutions correspond to the growth curve obtained by counting colonies or measuring turbidity. Figure 5 shows the actual heat evolution of untreated spices and Ar + CO 2 plasma-irradiated spices. The exposure time was 3 minutes, and the exposure distance was 10 mm. The heat evolution from Ar + CO 2 plasma-treated , and air plasma). Exposure time is 3 min, and exposure distance is 10 mm samples showed clear retardation compared with untreated samples. The growth rate constants μ are obtained from the actual heat evolution curves, and the retardation in growth t α can be calculated for 3 data averages. Figure 6 shows growth rate constant μ and retardation in growth t α for experimental conditions (untreated, Ar, Ar + H 2 O, Ar +
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FIG. 5:
Comparison of actual heat evolution as a function of incubation time. Solid lines are untreated spices and dashed lines are argon + carbon dioxide plasma-irradiated spices CO 2 , and air plasma). As shown in Fig. 6 , among the 3 plasma irradiation conditions, Ar + CO 2 plasma-irradiated spices created the smallest of the growth rate constants μ but the largest level of the retardation in growth t α , suggesting that Ar + CO 2 plasma affects microorganisms not only bacteriostatically but also bactericidally, causing an effective inactivation effect on black pepper.
D. Optical Emission Spectroscopy
Ultraviolet and visible emission spectra in the wavelength range from 200 to 1000 nm are shown in Fig. 7 ; the observation positions were 1 mm from the nozzle, and the experimental conditions were Ar, Ar + H 2 O, Ar + CO 2 , and air plasma. In the case of Ar plasma (Fig. 7a) and Ar + H 2 O plasma (Fig. 7b) , the strong emission line of the Ar was observed in the wavelength range from 650 to 900 nm. The OH A-X transition lines 
FIG. 7:
Ultraviolet/visible emission spectra of argon (Ar) plasma jet (a), Ar + water (H 2 O) plasma jet (b), Ar + carbon dioxide (CO 2 ) plasma jet (c), and air plasma jet (d) sources. In (a) and (b), intensity units for the ordinate axis on the left side correspond to spectra <500 nm, whereas those on the right side correspond to spectra >500 nm. Arb, arbitrary around 310 nm and H Balmar line (657 nm) can be seen in (Fig. 7 a and b) , and ratios of these components grow in Ar + water (Fig. 7b) than that without water (Fig. 7a) . In the case of Ar + CO 2 plasma (Fig. 7c ) and air plasma (Fig. 7d) , strong emission lines are atomic oxygen lines (O: 777, 845, and 926 nm). In addition, we recognized the first negative series (N 2 + B-X: 358, 388, and 391 nm, and so on); the second positive series of nitrogen molecules (N 2 C-B: 337 and 354 nm); the NO-g system (NO A-X: 226, 236, and 247 nm, and so on); the 3A Systems (CO C-A: 229, 239, 248 nm, and so on); the Angstrom system (CO B-A: 412, 451, and 483 nm, and so on); atomic nitrogen lines (N: 747, 819, and 868 nm, and so on); the swan system (C 2 d-a: 437, 469-473, 509-516, and 546-563 nm). [30] [31] [32] The radical generation reactions that contribute to the bactericidal effect are shown below:
The radical species were generated from not only gas but also ambient air. In other words, reactive oxygen species (OH and O 2 − radicals, among others) may be generated from water. 31, [33] [34] [35] [36] 
IV. DISCUSSION
The results of sterility tests of the plasma-treated black pepper were in accordance with those of bacterial survival based on colony counting. This means that B. subtilis spores existed almost on the surface of the contaminated black peppers, and an atmospheric plasma jet could be applicable to the decontamination of the black pepper, even though the plasma could not reach inside of the samples.
The bactericidal effects were more significant when water or CO 2 is included in the Ar plasma. As can be seen in Fig. 7 , the emission intensity of OH (310 nm) in Ar + water plasma is larger than that in Ar plasma. These observations suggest that an OH radical in Ar + water plasma was larger than that in Ar plasma. O I (777 nm) might also be related to the bactericidal effects of Ar + CO 2 plasma. Based on the results of calorimetry, the growth rate constants of plasma-irradiated black pepper were relatively smaller than those of untreated spices, and the retardation in growth of Ar + CO 2 plasma-irradiated black pepper was extraordinarily larger than that of untreated spices, as were the growth rate constants. These observations suggest that the mechanism of microbial inactivation has a common feature among various atmospheric plasma jets related to oxidative stresses by active oxygen radicals, as suggested in the above schemes. Moreover, Ar + CO 2 plasma might have an additional bactericidal mechanism that synergistically affects B. subtilis spores. We will report further studies of plasma-irradiated spices by calorimetric analysis in exact detail in a future publication.
V. CONCLUSION
The results of sterility tests were in accord with those of bacterial colony counts. This means that B. subtilis exists almost on the surface of the contaminated spices, and inactivation of bacterial spores in contaminated spices was achieved after 5 minutes using an Ar + CO 2 atmospheric plasma jet. Based on the results of calorimetry, the growth rate constants of plasma-irradiated spices were the smaller than those of untreated spices, and the retardation in the growth of plasma-irradiated spices was the larger than that of untreated spices.
